The roughness of the semiconductor surface substantially influences properties of the whole structure, especially when thin films are created. In our work 3C SiC, 4H SiC and Si/a-SiC:H/SiO 2 structures treated by various oxidation a passivation procedures are studied by atomic force microscopy (AFM) and scanning tunnelling microscopy (STM). Surface roughness properties are studied by fractal geometry methods. The complexity of the analysed surface is sensitive to the oxidation and passivation steps and the proposed fractal complexity measure values enable quantification of the fine surface changes. We also determined the optical properties of oxidized and passivated samples by using visual modelling and stochastic optimization.
Introduction
Silicon carbide has excellent physical properties -high thermal conductivity, high breakdown voltage, high saturated electron drift mobility, wide band-gap, etc. It crystallizes in more than 200 different types of lattice struc- * E-mail: jurecka@lm.uniza.sk ture. The most important are 3C SiC with a cubic unit cell and 4H SiC with a hexagonal unit cell structure. SiC is much more chemically stable compared to Si and therefore a higher temperature (above 1100°C) is necessary for conventional thermal oxidation [1] [2] [3] . Carbon clusters are formed at the SiC/SiO 2 interfaces during this high temperature oxidation and they strongly influence the interface state density, which is greater than one order of magnitude higher than in Si [3] [4] [5] . High temperature oxidation degrades the interfacial and surface properties, the sur-faces are roughened considerably. The quality of surface can be improved by heat treatment in pure hydrogen at 400°C [6] . For low temperature oxidation of SiC a plasma oxidation method was developed [7] . Thick SiO 2 layers on SiC can also be formed by applying a two-step nitric acid oxidation of SiC (NAOS) consisting of a simple immersion in ∼40 wt% HNO 3 aqueous solution followed by immersion in 68 wt% HNO 3 [8] [9] [10] . As well as the hydrogen plasma treatment several other defect passivation methods have been developed (forming gas annealing, deposition of silicon nitride layers, wet chemical passivation, etc.). In the present study the hydrogen plasma treatment passivation was applied to the 3C SiC and 4H SiC surfaces. The a-SiC:H/SiO 2 layers formed by the NAOS method were passivated by a cyanide treatment under various experimental conditions [11] [12] [13] [14] . We studied changes of the surface roughness during these oxidation and passivation procedures and measured surface properties were used for the optical parameter determination.
Experimental
3C SiC and 4H SiC wafers were cleaned by the RCA method and etched with diluted hydrofluoric acid to remove any possible native oxide layers. The SiC wafers were then heated in a pure hydrogen atmosphere at 400°C for 20 min. AFM measurements were performed in a tapping mode with a KEYENCE VN-800 microscope. The a-SiC:H samples were cleaned by the RCA method, etched with diluted HF (10%), oxidized by the NAOS method, annealed in forming gas and passivated by the CN method [11] . Various oxidation and passivation conditions were used to obtain SiO 2 layers with different properties as can be seen in Tab. 1. An x-ray photoelectron spectroscopy (XPS) measurement was performed using a VG Scientific Escalab 220i-XL spectrometer with a monochromatic Al Ka source. Photoelectrons were collected in the surface-normal direction. The XPS spectra were measured in order to survey the Si 2p region. The electron escape depth of Si 2p photoelectrons in the Si and SiO 2 layer was used to determine the thickness of thin oxide layer.
The spectral reflectance was measured by the Avantes AvaSpec 2048 spectrometer in the wavelength region 400-700 nm. To determine the optical properties of the aSiC:H/SiO 2 samples we used a numerical method based on visual modelling of the spectral reflectance function followed by the stochastic optimization of this initial estimation by the genetic algorithm (VIMSO) [15] . The structural model of the multilayer system in this method contains information about the surface roughness properties. Surface properties of a-SiC:H/SiO 2 samples were also studied by the STM method in the constant current mode. In this method the tip-surface separation is controlled during the surface scanning by the feedback loop system in order to keep the tunneling current constant. Real semiconductor surfaces measured by the AFM and STM methods obviously contain a large variety of surface objects. The complexity of the rough surface shapes leads to such surfaces often being viewed as a realization of a random process and described by a wide range of roughness scales. The existence of various scales could change the dimension of the surface and its statistical properties. The basic concept to describe the rough surface is the fractal dimension [16, 17] . The complex character of the rough semiconductor surface is often described by more than one fractal dimension. The rough surface usually does not exhibit a form of purely self-similar fractal, the self-similarity is local only. Concentrations of large surface irregularities often occur in a few regions and concentrations of small irregularities in many regions. The more suitable method to describe the real semiconductor surface properties is therefore multifractal analysis. In this study we used the multifractal singularity spectrum function. (α), to describe the development of the surface fractal properties after the oxidation and passivation procedures. The method used for computing the (α) spectrum was developed by Chhabra and Jensen [18] . The multifractal analysis describes the statistical properties of the surface in terms of the distribution of the (α) spectrum corresponding to its singularity strength, α:
Function µ ( δ) in Eqs. (1) and (2) is a one-parameter family of normalized measure, computed from the probability of finding of -th fragment of the analysed fractal surface region. This probability is defined by the formula P (δ) = A (δ)/A T (δ), where A (δ) is the area in an −th box with δ scale and A T (δ) is the total area measured in δ scale. The fractal dimension is computed by the formula
where ∈ (−∞ ∞), N is total number of boxes necessary for covering A T . We also analysed the development of the lacunarity Λ, which is strongly correlated to the changes in the distribution of the undistorted areas on the fractal surface structures [19] . It quantifies deviations from the translational and rotational invariance of gap areas by describing the distribution of gaps within a set of multiple scales. Fractal dimension and lacunarity are complementary, surfaces with identical fractal dimensions can be distinguished by their lacunarity and vice versa. In this work lacunarity is computed by the regular box counting technique [20] . For the description of the particle size distribution development during the oxidation and passivation procedures we used granularity density function G. The particle size distribution can be extracted from the AFM and STM images by counting the number of pixels corresponding to the morphological structuring elements at the surface. In this study the G values were computed by using particle segmentation based on the binary thresholding technique [21] . Fig. 1 shows typical AFM images of the 3C SiC and 4H SiC surfaces used in the study of hydrogen treatment. We analysed a large set of experimental structures (more than 100 measurements) and we studied surface structures at various resolutions of the AFM microscope. We observed relatively rough, grainy and lamellar structures of studied sample surfaces as can be seen in Fig. 1 . We studied the development of the surface structure after applying the hydrogenization procedure. In order to avoid the tip curvature corruption we checked the AFM probes by the optical microscope and we performed the AFM scans in the semicontact mode. We did not observe any assymetry of the surface species due to change in the scanning direction and we used low scanning frequencies to avoid data corruption by the measuring system vibrations. Results of the multifractal analysis of sample surface properties are in Fig. 2 . Fig. 2 shows the development of the multifractal singularity spectra, (α), during hydrogen passivation. From the asymmetry of the (α) curve we can see that the degree of multifractality decreases after the passivation procedure. Some fractal objects diminish and the surface object shapes become less complex. Multifractal features of studied surfaces remain after the passivation. This result is also proved by the analysis of Dq curves behaviour [22] . We also compared experimental (α) curves with theoretical singularity spectra, obtained by computer simulation of surface structure based on Cantor numbers properties. Cantor numbers are known to have multifractal characteristics [23] . These results (Dq curves and Cantor surfaces) are not included in this paper. Fig. 2ii shows the development of the fractal dimension probability P(D F ) of the SiC surfaces. The peaks at the fractal dimension probability curve can be associated with the existence of fractal objects with corresponding dimensionality D F and indicate the existence of texture at the surface. Objects created at the surfaces after hydrogen passivation have a higher dimensionality, D F , type of surface texture (grainy or lamellar), which is preserved. In Fig. 2iii we observe the development of the particle size distribution at given surfaces. After the hydrogen passivation treatment the fraction of smaller sized objects is suppressed and objects of larger size are created. Fig. 3 shows results of multifractal analysis of AFM topography of a-SiC:H/SiO 2 samples. Asymmetry of the multifractal singularity spectrum in Fig. 3a indicates decreasing complexity of the NAOS oxidized and CN passivated surfaces. The surface structure is simpler, some of the surface objects are suppressed. Fig. 3b shows the development of the fractal object dimensions during oxidation and passivation. With a prolonged oxidation procedure fractal objects with smaller dimensions are created. With a prolonged CN procedure the multifractality of the structure increases again. The NAOS oxidation procedure simplifies the shapes of the surface objects and the CN passivation procedure on the other hand intensively modifies the surface objects and increases the complexity of given surface. Fig. 4 shows results of multifractal analysis of STM topography of a-SiC:H/SiO 2 samples. The multifractal singularity spectrum in Fig. 4a shows increasing complexity of the NAOS oxidized and CN passivated surfaces. Now we observe the electrical properties of a given structure. The most intensive influence on the electrical properties described by the multifractal spectra is the prolonging of the CN passivation procedure. During the CN passivation the newly created Si-CN bonds occur preferentially in areas of relatively complicated shapes. Multifractal spectrum curves sensitively detect an increase of the surface shape complexity. With the prolonging of oxidation and passivation procedures the size of electrically active areas increases and the dominance of small size objects vanishes as can be observed in Fig. 4b . These areas are therefore slightly larger and have more complicated structure.
Results and discussion
Fractal lacunarity values, Λ, are correlated with the amount of undisturbed areas at a given surface. Development of lacunarity values determined from the STM measurements of a-SiC:H/SiO 2 samples can be seen in Tab. 2. With prolonging of the NAOS oxidation procedure lacunarity decreases. The size of undistorted areas is systematically reduced. The oxidation procedure intensively modifies the electrical properties of a given structure.
With the prolonging of the CN passivation procedure lacunarity of a given surface increases. We can conclude that the surface areas that influence the tunnelling current systematically increase their size in this case. Longer CN passivation causes creation of larger areas with homogeneous electrical properties. These areas are depicted in STM images by more flat shapes.
Statistical characteristics of the interface roughness and the thickness of oxide layer obtained from XPS spectra were inserted into the construction of the structural model for the calculation of the optical parameters of a- SiC:H/SiO 2 samples. The thicknesses of SiO 2 layers estimated by XPS measurements ranged from ∼2 nm for the N1 series and increased to ∼5 nm for the N5 series.
The reconstructed spectral dependence of the refractive index of the N5 sample series is in Fig. 5 . Similar behaviour (decreasing trend of refractive indices with prolonging of passivation procedure) was observed for all of the above mentioned sample series. The creation of Si-CN bonds influences the photon absorption processes by the passivated structure resulting in decreasing of values. 
Conclusion
We studied the influence of oxidation and passivation procedures on the surface topography and electrical properties, determined by the AFM and STM methods. For the description of the development of the surface structures we used fractal geometry methods. The multifractal analysis methods provide useful information concerning the structural and electrical property changes during the oxidation and passivation processes. The connection between the fractality of the surface and the physical properties of the given structure, however, has to be studied more deeply in the future. We suppose that information about fractal behaviour of the surface structures can be useful for un- derstanding the development of the defect states at the surfaces [24, 25] .
